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Abstract 

The AMANDA neutrino detector has been in operation at the South Pole for 
several years. A number of searches for extraterrestrial sources of high energy 
neutrinos have been performed. A selection of results is presented in this paper. 
The much larger IceCube detector will extend the instrumented ice volume to 
a cubic kilometer and 9 out of 80 planned IceCube strings have been deployed 
to date. We present the status for both detectors. 



1 Introduction 



1 . 1 Motivation 

The detection of cosmic neutrinos poses great challenges, but has attractive fea- 
tures as well. As opposed to other particles and to electromagnetic radiation, 
neutrinos can travel through huge amounts of matter without being absorbed. 
They can thus lead to the discovery of distant production sites hidden from 
observation with conventional means. Furthermore, they do not get deflected 
by magnetic fields during their journey and so their path points straight back 
to their point of origin. Some known extra-terrestrial sources that are believed 
to accelerate particles to very high energies are prime candidates for neutrino 
production. In that scenario, neutrinos are produced as a result of the in- 
teraction of accelerated charged particles with surrounding matter or photons, 
producing pions, which themselves decay into muons and neutrinos. The actual 
observation of neutrinos would thus shed light on the hadronic nature of the 
accelerating process. The energy feeding that process is of gravitational origin 
and possible candidates are Active Galactic Nuclei (AGNs),SuperNova Rem- 
nants (SNRs) or Gamma Ray Bursters (GRBs). Models predict a hard energy 
spectrum E~ 2 , which at high enough energies has a flux detectable above the 
background of the much steeper atmospheric neutrino flux. Another possible 
scheme for neutrino production is one where neutrinos come from the decay of 

massive relic particles © . 

1.2 Detection principle 

High energy neutrinos interact via charged and neutral currents with ordinary 
matter and produce charged particles in the process. These particles in turn 
send out Cherenkov light when they travel through a medium with a refractive 
index greater than one. In order to detect the weakly interacting neutrino, 
large volumes of matter must be instrumented with light sensors. In the cases of 
AMANDA and IceCube, the ice sheet at the South Pole serves as the Cherenkov 
medium. Notice, that the clarity of this ice allows for a sparse instrumentation, 
reducing the cost of the detector for a given geometry. Muon neutrinos produce 
long range secondary muons (1 km at 200 GeV) sending out light along their 
path through the detector. The direction of the parent neutrino can be directly 
inferred from that of the muon since the mean angle between the two particles 
is proportional to E~ - 5 , with a value of of w 0.7° at 1 TeV. Electron and 
tau neutrinos will produce cascades, reconstructed as point sources using the 
Cherenkov light, but from which some directional information can be extracted 
as well. The main background to these events comes from atmospheric muons 
produced in the atmosphere above the detector, so only events reconstructed as 
up-going are considered as signal, since atmospheric muons from this direction 



get absorbed by the Earth. At PeV energies, the Earth becomes opaque to 
neutrinos, including the background made by those produced in the atmosphere 
and one has to look for events coming from close to the horizon and above. At 
those energies, the v T has a characteristic "Double bang" signature: after the 
first cascade, produced when the v r interacts with the ice, the resulting tau 
particle decays after hundreds of meters, producing a second cascade. Thus 
the topologies of the three neutrino flavors become quite distinguishable ^ . 




Figure 1: Schematic of the AMANDA detector, with a zoomed in view of one 
optical module. 



2 The AMANDA detector 

AMANDA is an array of light sensors installed deep in the 2800 meter thick 
South Pole ice sheet. Over the years, 19 holes have been melted with a hot- 
water drill and Optical Modules (OMs) were frozen-in at depths between 1500 



and 2000 m below the surface. The OMs are arranged string-wise, with a 
distance between them of 10 to 20 meters, depending on their location. Each 
module consists of an 8-inch Hamamatsu photomultiplier, enclosed in a thick 
glass sphere designed to stand the high pressure of the ice. There are 677 
OMs arranged on 19 strings in total, deployed between 1996 and 2000. The 
signals produced by the photomultipliers travel along cables, connected to a 
counting house at the surface. After triggering, time- and charge-information 
is extracted from these pulses and stored for further analysis. SPASE-II is an 
air-shower array located at the surface of the ice and operated in coincidence 
with AMANDA. Muons passing through both detectors have been used to 
verify the performance of the detector and for position calibration of its OMs. 
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Figure 2: The AMANDA and the Frejus measured atmospheric neutrino spec- 
tra. The dotted lower line is a parametrization of the horizontal flux and the 
upper is for a vertical flux^ . 



3 AMANDA results 

We present here only a selection of results. Several topics are not included 
here, such as: GRB searches, detection and search for gravitational collapse 
supernovae, search for exotic particle (Q-balls, nuclearites, monopoles etc.) 



3.1 Atmospheric neutrinos 



Cosmic rays impinging on the atmosphere produce up-going neutrinos which 
are indistinguishable from extra-terrestrial neutrinos. However, the energy 
dependence of the flux of the first goes as E~ 3 - 7 above 1 TeV, in contrast to the 
flux of the latter which is expected to vary as E~ 2 and thus decrease much faster 
with energy. The energy spectrum of the year 2000 data with 570 neutrino 

events was extracted using neural net techniques and then unfolded ®. The 
(preliminary) result is shown in figure|21 together with the Frejus measurements 

3 at lower energies. AMANDA has performed the first measurements going up 
to 300 TeV. Both the Frejus and the AMANDA results lie within the horizontal 
and vertical fluxes parametrized by Volkova (< 100 GeV) and Honda (> 100 

GeV) The maximum additional flux with an E~ 2 spectrum (at a 90% 

confidence level) in the range 100-300 TeV is also marked ("limit") on the 
figure. 

3.2 Point source searches 

3329 events, collected during 2000-2003, were used in a search for point 

sources 3 . The sky map of these events is shown in equatorial coordinates in 
figure|2| A search for a localized source in that map gives Figure0J representing 
the significance of the excess in each direction. The highest value found in any 
directions in the whole map corresponds to 3.4ct. Background simulations tell 
us that the probability of observing an excess > 3.4cr, taking into account trial 
factors, is 92%. A selective search for an excess from a list of 33 pre-selected 
sources does not lead to the discovery of any significant excess either. 
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Figure 3: Sky-map in celestial coordinates of the northern hemisphere, made us- 
ing the 3329 neutrino events collected in 2000-2003 by the AMANDA detector. 




Figure 4: Significance map for the excess of events in the North sky. 
3.3 Diffuse flux search 




log 10 (E/GeV) 

Figure 5: Neutrino flux limits from various analyses. All assume neutrino 
oscillations and full mixing. 

Even if the fluxes from individual objects are too low to be detected separately 
from each other, the combined flux of many such sources may still be used to 
offer evidence of the production of extra-terrestrial neutrinos. If that diffuse 
flux exists, it is expected to have a harder spectrum than that of atmospheric 
neutrinos and will be exceeding it above a high enough energy. Figure [S] shows 
the limits set by AMANDA and other detectors on diffuse neutrinos: the limit 



labeled (1) is the one set by MACRO (2) is from the 10-string stage of 

AMANDA in 1997 using El ; (3) comes from the same data as (2) but 
the analysis combines all flavors of UHE ^s El . (4) i s the AMANDA 2000 
all- flavor cascade limit , (5) is the Baikal limit from their 1998-2000 cascade 
analysis El. Lines (6), (7) and (8) are all preliminary results from 2000 data. 
The line for the limit (6) comes the analysis H» ( (7) the sensitivity for all 
the flavors of UHE muonsEl an d (8) the 2000-2003 sensitivity El . We 
assume full mixing, so that in analysis (1), (2), (6) and (8), the limits for are 
shown multiplied by 3. The line marked "AGN core (SS)" is the expected flux 
of diffuse neutrinos according to the model described in © and the one marked 
"AGN jet (MPR)" refers to the model in 1*1. Both models have been scaled by 

1.5 to account for oscillations. The Waxman-Bahcall upper limit ("WB")S is 
also indicated on the figure. 



3.4 Dark matter 
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Figure 6: Limits at 90% C.L. on the muon flux from neutrinos produced in 
neutralino annihilations in the center of the Earth (left) and the center of the 
Sun (right). The dots show models disfavored by direct search results from 
CDMS and the crosses correspond to predictions from different MSSM models. 



A prime candidate WIMP particle to make up for the cold dark matter 
of the Universe is the lightest supersymmetric particle, the neutralino. An 



indirect observation of these particles can be made using AMANDA in the 
following scenario. Neutralinos lose their energy in collisions with matter and 
get gravitationally trapped inside massive objects, where they annihilate with 
each other, emitting neutrinos in that process. The closest and in that sense 
most interesting sources of accumulation are the center of the Earth and the 

Sun. The limits at 90% C.L. using 1997-1999 data for the Earth ^ and using 
2000 data for the Sun El j are shown on Figure El together with the limits for 
other experiments and projected results for IceCube. 

4 The IceCube detector 




Figure 7: A schematic view of the IceCube detector. AMANDA can be seen 
enclosed inside the IceCube volume and the IceTop array at the surface of the 
ice. 

IceCube follows the successful concept demonstrated by AMANDA, but 
on a larger scale and with more advanced hardware. With IceCube, we enter 
the era of cubic kilometer sized neutrino telescopes. At completion, it will 
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Figure 8: A Digital Optical Module (DOM). 



consist of 80 strings arranged on a regular hexagon and with 60 Digital Optical 
Modules (DOMs) each (see FigureEJ). The instrumented region will be between 
1450 m and 2450 m below the surface and the hexagonal pattern will span over 
a km 2 area. The distance between DOMs within a string is 17 m and the 
distance between the strings is 125 m, with the existing AMANDA detector 
embedded inside the IceCube volume. Strings will be added each year until 
completion but the detector is taking data since the start. With it's large size, 
IceCube should observe v events with energies up to 10 9 GeV and collect many 
contained events. An air shower array, IceTop, is deployed at the surface of 
the ice above IceCube. It consists of 160 Cherenkov tanks located close to the 
80 holes. The tanks are grouped in pairs ('stations') near a hole and are filled 
with water which is then allowed to freeze around two DOMs inside. IceTop 
will serve several purposes: cosmic ray studies up to energies up to 10 17 eV), 
search for a possible second "knee" for heavy particles like iron, calibration 
of the IceCube DOMs using coincident atmospheric muons, vetoing of highly 
energetic background events originating in the atmosphere. 



4.1 Design and construction 

The DOM (Figure is the main component of the detector. It contains a 10- 
inch Hamamatsu photomultiplier tube (PMT), enclosed in a glass vessel. An 
integrated circuit (Analog Transient Waveform Digitizer, or ATWD) records 



the PMT pulse with three different gains (xl/4, x2 and xl6). The ATWD 
records 128 samples with a rate of 3.3 ns/sample. The same pulse is also 
digitized by a 40MHz FADC. The linear dynamic range is 400 photo-electrons 
(p.e) in 15 ns and the integrated dynamic range is more than 5000 p.e. in 2/is. 
Neighboring DOMs are connected to each other and the ATWD is read out after 
a local triggering condition is met. Each waveform is time-stamped locally. The 
main board contains an FPGA that can be re-programmed from a computer 
at the surface. The DOMs communicate with the counting house with twisted 
pair copper cables and receive their power through the same cables. Each DOM 
has its own high- voltage generator. Since the pulses are sent digitally the PMT 
amplification can be kept low at 0.5 — 1.0 x 10 7 . This benefits both the dynamic 
range and the aging of the PMTs. 

The DOMs are deployed in holes melted with a hot-water drill. A new 5 MW 
drill, the Enhanced Hot Water Drill (EHWD) was developed for IceCube and 
put into operation in January 2005. This new construction is designed to drill 
2500 m deep holes with a 60 cm diameter in less than 40 h, much faster than 
the AMANDA drill. The actual deployment of the DOMs takes less than 12 
hours. With the EHWD, IceCube will be able to deploy 14 strings/year during 
the November to mid-February period when the South Pole station is open 
for construction work. Simulations of the detector have been made 29 to 
predict its capabilities. The effective area is about 0.8km 2 for 1 TeV muons 
The angular resolution is expected to be 0.7° at lOTeV. 

4.2 Icecube status 
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Figure 9: The noise rate of individual DOMs on the first string as a function 
of DOM ID (depth increases with DOM ID). The rates are measure including 
a dead-time o/51/iS. 




Figure 10: Comparison of data taken with string 21, and simulations of atmo- 
spheric muons. The left figure shows the number of hit DOMs. The right figure 
shows the reconstructed zenith angle for different multiplicities. 

A first string, labelled '21' was deployed in February 2005, together with 
four IceTop stations, totalling 76 DOMs together ED . Since then, all DOMs 
of string 21 have been taking data and behaving according to expectation. 
In particular, the time calibration of quartz oscillator in each DOM has been 
studied. These oscillators are synchronized to a master GPS clock every 3.5 
seconds, by sending down pulses from the surface to the DOMs. The calibration 
procedure yields a time precision of 3 ns. Another measurement is the dark 
noise rate of the DOMs, which is around 700 Hz. With after-pulse suppression 
(implemented with an artificial dead-time of 51/xs), this rate goes down to about 
350 Hz, see Figure In the same way as AMANDA, IceCube will be able to 
detect the burst of low energy neutrinos that accompany a supernova explosion 
by measuring an excess rate above the dark noise in all its sensors. A low dark 
noise improves the sensitivity for such a search. String 21 has also been used to 
reconstruct atmospheric muons. The resulting multiplicities and zenith angles 
agree with simulations (see Figure ITU1 for the comparison). In January 2006, 
the installation of eight more strings and 12 additional IceTop stations was 
completed. An event passing through IceTop and the nine IceCube strings is 
shown in FigurelTTl These new strings total 540 DOMs (and IceTop 64 DOMs) 
which cover a larger volume than AMANDA's 677 modules. 99% of the DOMs 
have survived the deployment and re-freezing period and IceCube took data 
for several months at an average rate of 79Hz (with a trigger condition of 8 
DOMs hit in a window of 2 /is). 

5 Conclusions 

We have presented a selection of the AMANDA results from data taken over 
the past ten years. The transition from AMANDA to the much larger IceCube 
detector is under way . The performance of the first IceCube string is as 



expected. The experience gained in deploying eight additionalstrings with new 
equipment bodes well for the higher rate of deployment in coming years. 
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Figure 11: An event acquired with the current nine-string IceCube detector. 
A shower passes through IceTop and the muon component leaves a track in 
IceCube. 
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